In this chapter, we have shown that hopeful hydrogen storage material can be obtained by ordered mesoporous carbons (carbons mesostructured from Korea, CMK-1 and CMK-3) and modified with metal/cations species. The pristine CMK-1 and CMK-3 were synthesized by replication using MCM-48 and SBA-15 as hard templates and sucrose as a carbon source. Incorporation of metal species was carried out by wetness impregnation. The mesoporous materials modified were characterized by X-ray diffraction (XRD), X-ray photoelectron spectra (XPS), RAMAN, transmission electron microscopy (TEM), and adsorption/desorption N 2 isotherms. Carbon modified with metal/cations shows a better capacity for hydrogen uptake than that of the mesoporous carbons. The evolution of high-pressure hydrogen adsorption measured at 77 K shows that composites can significantly enhance hydrogen adsorption capacity and hydrogen storage performance of carbon materials, proving to be prospective candidates for application in hydrogen storage. The improved activity and the larger performance of composite materials are attributed to improved dispersion of uniform metal/cations nanoparticles as well as to efficient use of the support, which may originate a high-surface area and pore volume, allowing a large dispersion of clusters.
Introduction
Hydrogen is considered as a clean energy carrier and an alternative fuel source for many applications. Some keys to use hydrogen, as a fuel, are its safe storage, low cost, lightweight, and it reversibility, with a simple adsorption-desorption kinetics.
The great challenge posed by the use of hydrogen as an energy source today is primarily focused on the need for safe and stable storage. Its capacity as an energy carrier is demonstrated by its increased energy per mass, cleanliness and ease of production from renewable sources, as opposed to fossil fuels [1] . Thus, a viable solution for both storage and transport problems is required, since alternatives such as hydrogen liquefaction or compression present difficulties due to its low storage density and the high costs involved [1] .
Many activated and templated carbons with high-surface area exhibit potential for storing molecular hydrogen [1] [2] [3] [4] . Their small weight, low cost, and wealth of natural precursors make nanostructured carbons with high-surface area likely candidates for physisorption. The literature reports that activated carbons show relatively high hydrogen storage capacity at 77 K [2, 3] ; however, pore size distribution is in most cases wide, and more than 50% of the total porous volume is given by macropores, whose contribution to hydrogen uptake is more limited.
Carbons mesostructured from Korea (CMK) comprise one such family of ordered mesoporous carbons (OMC) [5] . Produced inside the channels of mesostructured silicates or aluminosilicates, CMK have specific surface areas from 1000 to 2000 m 2 /g and pore volumes from 0.5 to over 1 ml/g. These materials are promising for hydrogen storage applications. The template method was used to obtain the carbons, involving first introduction of the appropriate carbon precursors into the ordered template pores and then carbonization and removal of the template. Such carbon materials are characterized by large surface areas and high pore volumes, which make effective H 2 physisorption feasible.
However, a common limitation is found in weak van der Waals interaction between molecular hydrogen and host material. Hence, to enhance hydrogen binding, low amounts of transition metals or cations are added, improving hydrogen sorption [6] [7] [8] [9] .
Thus, CMK-1 and CMK-3 were chosen as ideal support material for hydrogen storage due to their large surface area, high chemical stability, uniform pore diameter, accessible porosity, and three-dimensional conducting network [10, 11] .
The scattering of metal particles throughout the porosity of active carbons greatly enhances their storage abilities. Numerous studies devoted to this feature have given ample evidence of hydrogen spillover. H 2 dissociation is supposedly triggered by the catalyst, with atomic hydrogen diffusing deeper into the microporous network and even in between graphitic layers [12] .
Nanometric clusters of Pt, Zn, Ni, V, and TiO 2 dispersed in CMK-1 or CMK-3 framework have been reported as promising hydrogen storage nanomaterials. The adsorption in these materials was fully reversible and higher than that in carbon hosts [12, 13] .
Nanocluster activity improved hydrogen adsorption molecules, producing substantial changes in hydrogen sorption properties.
Material and methods

Templates preparation: MCM-48 and SBA-15
The mesoporous material MCM-48 was prepared as the template for the CMK-1. The mesoporous silicate was synthesized by hydrolysis of tetraethylorthosilicate (TEOS, 98%, Sigma-Aldrich) at room temperature, in an aqueous solution, using cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich) as a surfactant. The procedure designed is described as follows: Sodium hydroxide (NaOH, Sigma-Aldrich) and CTAB were dissolved in deionized water, and then tetraethyl orthosilicate (TEOS) was added. The molar composition of the gel was 1 M TEOS: 0.48 M NaOH: 0.48 M CTAB: 55 M H 2 O. After stirring for about 1 h, the solution was transferred into a Teflon bottle and there it was heated up to a temperature of 373 K. After 72 h, the mixture was kept at RT and a solution of HCl was used to turn the pH to 7. Afterwards, the solution was kept at 373 K for 72 h. In order to wash and dry the product, the solution was filtered [14] . The template was extracted by thermal treatment performed up to 373 K, using N 2 (20 mL/min) and afterwards a calcination at 723 K was implemented, raising the temperature 3 K/min [15] .
Ordered mesoporous silica SBA-15 was prepared using the triblock copolymer, poly(ethylene glycol)-block-poly(propylene glycol)-block-poly (ethylene glycol), (EO20PO70EO20, P123-Sigma-Aldrich), as surfactant, and tetraethyl orthosilicate (TEOS, Sigma-Aldrich, reagent grade 98%) as the source of silica. The technique planned was: A solution was prepared with P123 (20 g) in 400 ml of HCl 1 M at 323 K. Then, TEOS (40 g) was drop under stirring during 24 h at the same temperature. The subsequent white combination was moved to a propylene flask and matured by 72 h at 373 K. The material was filtered out and then washed with deionized water until pH ~ 6. Its molar composition was 1 Si:0.018 EO 20 PO 70 EO 20 :2.08 HCl:112 H 2 O. The template was removed by immersing the material in ethanol reflux for 6 h and then calcining it at 823 K in air for 6 h. The product was finally filtered, washed, and dried in air at 363 K [16] .
Synthesis of the replicas CMK-1 and CMK-3
Mesoporous carbons CMK-1 and CMK-3 were prepared via a two step impregnation of the mesopores of MCM-48 and SBA-15 with a solution of sucrose using an incipient wetness method. Briefly, 1.0 g of the as-prepared silica material MCM-48 for CMK-1 and SBA-15 for CMK-3 was soaked with 1.1 g of sucrose and 0.14 g of H 2 SO 4 in 5.0 g of deionized water solution. The mixture was then dried at 373 K for 6 h and then at 433 K for 6 h. The silica sample, which now contained partially polymerized and carbonized sucrose, had 0.65 g of sucrose, 90 mg of H 2 SO 4 , and 5.0 g of deionized water added to it, and was treated again at 373 K and 433 K. To complete the carbonization, the sucrose-silica composite was heated at 1173 K for 4 h under nitrogen flow (20 mL/min). The silica template was dissolved with 5 wt% hydrofluoric acid at room temperature. This step was done two times in order to dissolve entirely the template. The template-free carbon product thus obtained was filtered, washed with deionized water and ethanol, and dried [12, 13] .
Synthesis of Zn-CMK-1
Zn-CMK-1 was prepared using as a source of zinc Zn nitrate (Sigma-Aldrich 98%, hexahydrate), dissolved in ethanol, and then mixed with a portion of CMK-1 at room temperature. The suspension was left static for 24 h, before being dried at 373 K for a period of 18 h, and subsequently desorbed from 298 K to 473 K in an inert atmosphere (N 2 ), at a rate of 10 K/min. It was held at this latter temperature for 5 h. During the whole process, the nitrogen flow was 20 ml/min. To obtain the reduced sample of Zn-CMK-1, it was placed under H 2 flow at 773 K for more than 6 h with a ramp rate 10 K/min. The sample was denoted as Zn-CMK-1. ICP analysis showed that the pristine sample of Zn-CMK-1 contained 5.5 wt% of Zn before reduction and 5 wt% afterwards [13] .
Synthesis of Ni-CMK-1
Ni-CMK-1 was obtained by impregnating CMK-1 using NiCl 2 .6H 2 O (Sigma-Aldrich 98%) dissolved in ethanol, which was stirred vigorously for 20 min. Then, the sample was dried under vacuum at 308 K, to achieve complete dryness by evaporation of the solvent. The powder obtained was heated to 353 K to dry and then placed in a tubular furnace at 773 K under controlled flow of H 2 for reduction during 6 h. It was determined by ICP that the reduced sample contained 5.5 wt% Ni [13] .
Synthesis of Pt-CMK-3
The sample was prepared by wetness impregnation using chloroplatinic acid (H 2 PtCl 6 ⋅H 2 O-Sigma-Aldrich) as Pt source. Chloroplatinic acid in ethanol was added to the carbon solution at room temperature. Excess of ethanol was removed by placing the solution in a rotary evaporator at around 333 K and 60 revolutions per minute. The sample was then dehydrated at 373 K during 18 h. The resultant solid was heated under nitrogen flow from 298 K to 473 K (ramp 10 K/min) and maintained at 473 K for 5 h. Afterwards, it was heated up to 743 K (slope 10 K/min), where it was kept for another 5 h. The nitrogen flow was kept constant at 20 ml/ min. The sample was also subjected to H 2 flow at 773 K for 6 h with a ramp rate of 10 K/min. The sample was denoted as Pt-CMK-3. 1% wt of Pt in the final Pt-CMK-3 material was obtained [12] .
Synthesis of TiO 2 -CMK-3
TiO 2 nanoparticles were incorporated into ordered mesoporous carbon CMK-3 using wetness impregnation and tetrabutyl orthotitanate (TBOT) as a titanium source. The metal precursor (TBOT) was dissolved in 10 mL of ethanol with vigorous stirring, to reach a nominal content of 5 wt% of Ti in the final solid. CMK-3 was incorporated in the solution, and both were placed in a rotary evaporator to remove excess of ethanol at about 313 K and 60 rpm. The powder was then dried at 373 K overnight. Finally, the resulting material was heated in a dynamic inert atmosphere (nitrogen flow of 20 mL/min) from 298 to 473 K with a slope of 4 K/min; temperature was then increased to 743 K with a slope of 10 K/min and kept at this temperature during 5 h.
Synthesis of V-CMK-3
Vanadium nanoparticles were incorporated into ordered mesoporous carbon CMK-3 using wetness impregnation and VCl 3 as source of Vanadium. The metal precursor (VCl 3 ) was dissolved in 20 mL of ethanol with vigorous stirring, to have a nominal content of 1 wt% of V in the final solid. The solution was placed in a rotary evaporator to remove excess of ethanol at about 323 K and 50 rpm. The obtained powder was then dried at 373 K overnight. The resulting material was heated in a dynamic inert atmosphere (nitrogen flow of 20 mL/min) from 298 to 473 K with a slope of 4 K/min, and then, the temperature was increased to 743 K with a slope of 10 K/min and kept at this temperature during 5 h. A reduction procedure in H 2 flow (20 mL/min) was performed to the sample at 1023 K using the same procedure described earlier.
Characterization of the samples
ICP (ICP-AES; VISTA-MPX) was used to determine the elemental composition, working at a frequency of 1.5 kW under airflow 12 L/min. In order to determine textural properties, such as surface area and pore volume, N 2 adsorption/desorption isotherms at 77 K were measured on ASAP 2020. To realize studies of the adsorption isotherms, the samples were purged at 673 K, and size pore distribution assessed by means of Barrett, Joyner, and Halenda (BJH) algorithm. The hydrogen chemisorption characterization was realized in the Micromeritics Chemisorb 2720 apparatus, equipped with a detector TCD, at RT. The cleaned samples were titrated with H 2 pulses at 295 K under flow of N 2 up to a persistent output signal of TCD, which indicates saturation.
X-ray diffraction profiles of samples were recorded with a X'PertPro PANalytical diffractometer equipped with a Cu Kα radiation (λ = 0.154 nm, X-ray generator current and voltage set at 40 mA and 45 kV). The samples were crushed previously and placed on an aluminum sample holder. The diffraction patterns were recorded in steps over a range of Bragg angles (2θ) between 0.5° and 5° (and for wide angle between 20 and 70°), at a scanning rate of 0.02 per step and an accumulation time of 20 s. Diffractograms were analyzed with the X'Pert High Score Plus software. X-ray photoelectron spectra (XPS) were obtained on a Microtech Multilb 3000 spectrometer, furnished with a hemispherical electron analyzer and MgKα (hν = 1253.6 eV) photon source. An estimated error of ±0.1 eV can be obtained for all ranges. Peak intensity was determined from each peak areas after background removal and spectrum suitable by a combination of Gaussian/Lorentzian functions. Surface relation ratios (50-100 A of Deep) were Synthesis and Characterization of CMK Porous Carbons Modified with Metals Applied to Hydrogen Uptake and Storage http://dx.doi.org/10.5772/63710 extracted as a function of the intensities of the signals corrected by the sensitivity factors with an estimated precision of ±7%.
Raman spectrum was acquired from an InVia Reflex Raman microscope and spectrometer using a 532 nm diode laser excitation. The transmission electron microscopy (TEM) micrographs were recorded in a Philips EM 301, with accelerating voltage of 200 kV (point resolution of 0.17 nm).
To determine hydrogen storage isotherms, we employed an ASAP 2050 apparatus properly calibrated, at 77 K and at low and high pressures (up to 10 bar). Previous to all the adsorption experiments, the samples were degassed at 523 K during 8 h under vacuum conditions, to prevent the probable decomposition of the metal nanoparticles at higher temperature. Afterwards, the samples were cooled at RT. The adsorption experiments were carried out with high-purity hydrogen gas (99.9999%), and in a pressure range from 0 to 10 bar. Figure 1 shows typical XRD patterns for the MCM-48 silica template and the carbon CMK-1 produced with the aforementioned procedures. The low-angle XRD pattern of MCM-48 points to a high degree of structural order for the cubic crystallographic space group Ia3d ( Table 1) . However, a different pattern relative to MCM-48 can be observed for the carbon CMK-1, obtained by removing the silica wall after carbonization. As opposed to CMK-2, 3, and 4, the structure of the CMK-1 obtained through the use of silicate MCM-48 templates was not found to be an exact negative replica of the template. This was due to a transformation of the mesostructure after the template wall had dissolved. This structural transformation was mainly evidenced by the appearance of a strong low-angle diffraction peak (h k l [1 1 0] at 2θ = 1.67°) on the X-ray diffraction (XRD) patterns of CMK-1 (see Figure 1 ), which was not reliable with the symmetry of MCM-48 [12, 17] . As shown by the low-angle powder XRD pattern, a structural transformation of the interlaced carbon framework occurs after the silica wall has dissolved. A displacement of the sub-frameworks with respect to each other may lead to the formation of contacts. A distortion of the frameworks may also take place as a consequence of further transformations. The principal indicator of structural transformation of the material is the strong low-angle diffraction peak appearing in the XRD powder pattern, which is inconsistent with the space group Ia3d of the MCM-48 template. This reflection is indexed as [1 1 0], and the explanation of its emergence may lie in a decrease in the material symmetry. The complexity of the framework structure of CMK-1 is such that it fails to be described by simple terms such as "pore," "wall," or "diameter," which are commonly used in descriptions of the texture of mesoporous materials and molecular sieves. However, an estimation of its geometric characteristics might be in place. It is possible to determine the diameter of the roughly cylindrical framework segments, which coincide with the Wyckoff symmetry positions 12c and 12d of the I 4 1 32 space group [18] .
X-ray diffraction studies
Sample
MCM-48 (h k l)
CMK-1 (h k l) a 0 (nm) 2 1 1 2 2 0 4 2 0 3 3 2 1 0 2 1 1
d (nm) d (nm)
Si-MCM-48 3.71 3.21 2.02 Table 1 . XRD parameters of samples. Figure 2 shows the low-angle X-ray diffraction patterns of CMK-1, Ni-CMK-1, and Zn-CMK-1 samples. Retention of the overall pore structure after the addition of the different metals is indicated by the low-angle diffraction peaks ( Table 1) . However, the peak intensity of the samples is noticeably lower than that of the parent CMK-1. This intensity loss may be due to the introduction of scattering material into the pores, leading to an increased phase cancellation Synthesis and Characterization of CMK Porous Carbons Modified with Metals Applied to Hydrogen Uptake and Storage http://dx.doi.org/10.5772/63710 between scattering from the walls and the pore regions [19] . In the case of the Zn-CMK-1 sample, the absence of XRD reflections can be ascribed to a very high degree of pore filling. Figure 3 shows a typical XRD pattern for the silica template SBA-15 and the carbon CMK-3 yielded by the procedures described. The low-angle XRD pattern of SBA-15 points to a high degree of structural order for the hexagonal P 6 mm crystallographic space group ( Table 2) . A similar pattern relative to SBA-15 can be observed for the carbon CMK-3 obtained by removing the silica wall after carbonization. The structure of the CMK-3 obtained by the use of a silicate SBA-15 template was found to be an exact negative replica of the template. The structural transformation was mainly evidenced by the appearance of CMK-3 on the X-ray diffraction (XRD) patterns, which was consistent with the symmetry of SBA-15 [19] . Table 2 . XRD parameters of samples. Figure 4 shows the low-angle X-ray diffraction patterns of CMK-3 and of the modified samples. The overall pore structure is retained after the addition of Pt, TiO 2 , and V, which is indicated by the low-angle diffraction peaks ( Table 2) . However, the signal intensity corresponding to the [1 1 0] diffraction plane of the samples shows a slow decrease in relation to the parent CMK-3. The introduction of scattering material into the pores generally leads to an increased phase cancellation between scattering from the wall and the pore regions. The intensity loss of CMK-3 typical Bragg reflections is caused by the introduction of scattering material (Pt, TiO 2 , and V) into the pores [19] . The pattern of Zn-CMK-1 shows ZnO and metallic Zn signals [21, 22] , probably due to the reduction process not being complete. The fact that this pattern exhibits no prominent reflections is an indicator that no crystalline bulk material was formed outside the pore system. The Zn/ZnO clusters are confined for the most part in the nanostructured carbon [23] , showing nanometric size and high dispersion which can be seen in Table 1 and TEM studies. The XRD pattern of Ni-CMK-1 (Figure 5) shows intensive peaks at 2θ = 44.5, 51.8, and 76.3°, corresponding to metallic Ni diffraction planes [1 1 1], [2 0 0], and [2 2 0], [45] . These are characteristic patterns of an fcc lattice consisting of nickel nanoparticles. NiO species may be present, since the NiO signals were very close to metallic Ni signals and would overlap [24] in the pattern, as TEM-EDS and XPS studies will show later. In agreement with XRD studies, the characteristic structure of CMK-1 is maintained after the metal is within the host, whereas the nanomaterial area becomes significantly smaller ( Table 1 ). Figure 6 displays the diffraction region of 20-70° 2Ө of samples. Typical XRD pattern of mesoporous materials was exhibited by SBA-15 sample. Two broad diffraction peaks were found in CMK-3 pattern which can be ascribed to [0 0 2] and [1 0 0] diffraction indexes for a characteristic graphite carbons [20] .
Sample
SBA-15 [h k l] CMK-3 [h k l] a 0 (nm)
The final sample of Pt-CMK-3 pattern displays metallic platinum peaks [25] , pointing to a welldeveloped reduction process. In the case of Pt clusters, the absence of prominent reflections indicates that no crystalline bulk material formation had occurred outside the pore system [23] , with nanometric size and high dispersion (very broad XRD signal of Pt, Figure 6 ) as shown in Table 2 . The reason for this may be found in a relatively low scattering contrast between the pores and the walls of the mesoporous materials caused by the formation of reduced platinum which indicates fine dispersion on CMK-3 with a narrow size distribution [24] . [20] .
The pattern of TiO 2 -CMK-3 shows characteristic signals of TiO 2 in anatase phase [26] , indicating a particularly good synthesis process. The absence of prominent reflections in TiO 2 clusters indicates that no crystalline bulk material has been formed [23] , with nanometric size and high dispersion (very broad XRD TiO 2 signals, Figure 7 ). This can be ascribed to a relatively low scattering contrast between the pores and walls of mesoporous materials, due to the formation of anatase nanoclusters that depict fine dispersion on CMK-3 with a narrow size distribution [24] . In the wide-angle region, practically no reflections typical of vanadium have been found. The absence of these prominent reflections indicates that no crystalline bulk materials have been formed outside the pore system and it is an evidence that the clusters have nanometric size and high dispersion [23] .
Cluster size estimation using Scherrer's formula
Analysis of the XRD patterns makes it possible to determine the size of crystals of metallic particles in the samples and to evaluate the effect on metal dispersion. The average cluster size was thus estimated based on the width of the diffraction peaks corresponding to different [h k l] Miller indices using Scherrer's formula (Eq. (1)) [27] .
where d is the average size of the crystals or domains (the crystal mean size defined as the cube root of the material volume). K is a shape factor of the nanocluster, dimensionless, generally has a typical value of 0.89 or 0.83 (if the particles are approximately spherical or not), λ is the wavelength of the X-rays (1.54 Å) used for performing the analysis, β is the full width at half-maximum (FWHM, in radians) of the XRD signal, and θ is the Bragg angle (in radians) [28] .
In order to apply Scherrer's formula, [ Figure 9 shows the N 2 adsorption/desorption isotherms for MCM-48, CMK-1, Zn-CMK-1, and Ni-CMK-1 samples, while Table 3 shows the textural properties obtained from nitrogen physisorption analysis. The nitrogen adsorption-desorption is other for MCM-48 has a typical type IV curve (according to the IUPAC classification), which is a sure indicator of the mesoporous nature of the material. The isotherm for CMK-1 and Zn-CMK-1 and Ni-CMK-1 shows hysteresis loops at a relative pressure range of 0.4-0.6, which can be caused by capillary condensation-evaporation from the mesopores. Zn-CMK-1and Ni-CMK-1 clearly reveal a reduced specific surface area (as well as a narrowed pore size), as opposed to those of pure MCM-48 and CMK-1 ( Table 2) , with the corresponding incorporated metallic species. The sharp peak at pore size distribution of CMK-1 and Zn-and Ni-containing CMK-1 ( Figure  10) indicates a fairly regular range of nanopores in carbonaceous materials, in correspondence with TEM observations.
Nitrogen adsorption/desorption isotherm analysis
The isotherm for CMK-3 and Pt-CMK-3 samples shows hysteresis loops at a relative pressure range of 0.4-0.8, which may be caused by capillary condensation-evaporation from the mesopores (Figure 11) . The material appears in the form of fairly uniform carbon rods (see TEM images) with a higher pore volume as a result of the presence of mesopores between Synthesis and Characterization of CMK Porous Carbons Modified with Metals Applied to Hydrogen Uptake and Storage http://dx.doi.org/10.5772/63710 carbon rods. Irregularities (i.e., the presence of a fraction of nonlinear channels) can be attributed to SBA-15 meso-tunnels being incompletely filling with carbon precursor. The pore size distribution of CMK-3 shows a pronounced peak at 4 nm that points to a quite regular array of nanopores. On the contrary, the Pt-CMK-3 pore size distribution shows a broad peak with a maximum at approx. 3.8 nm, which is consistent with primary mesopores. The appearance of a wide peak can be ascribed to the filling of pores with Pt nanoclusters and the increase in the irregularity of nanopores. Around 6 nm an overlapping peak appears, corresponding to CMK-3 pores that are not filled with Pt nanoclusters. These analyses of pore size (see Figure 11 ) were consistent with observations from TEM. Figure 11 also shows, the N 2 adsorption/desorption isotherms for SBA-15, CMK-3 and TiO 2 -CMK-3 samples at 77 K; Table 4 displays the textural properties determined from nitrogen physisorption analysis. The isotherm for SBA-15 is a typical type IV curve with hysteresis loop, according to IUPAC classification, revealing the mesoporous nature of the material.
The nitrogen adsorption/desorption isotherms for CMK-3 and TiO 2 -CMK-3 are typical type IV curves exhibiting hysteresis loops type H 2 , according to IUPAC classification, typical of mesoporous solids.
The materials obtained exhibit capillary condensation to relative pressures about 0.40 and 0.45, which can be related to the pore blocking effect of influencing pressure where evaporation/ desorption pore occurs. The increase in adsorption at low relative pressures is associated with the presence of micropores or a strong adsorbate-adsorbent interaction. The CMK-3 pore size distribution shows a sharp peak at 4.2 nm that points to a quite regular array of nanopores. On the other hand, the pore size distribution of TiO 2 -CMK-3 exhibits a broad peak with a maximum at approximately 6 nm, which is consistent with primary mesopores.
Material
SBET (m 2 g −1 ) VμP (cm 3 g −1 ) VTP (cm 3 g −1 ) Wp (nm) N 2 adsorption/desorption isotherms and pore size distribution for CMK-3 and V-CMK-3 samples at 77 K shown Figure 11 and Table 4 , displays the textural properties determined from nitrogen physisorption analysis. The nitrogen adsorption-desorption isotherms for CMK-3 and V-CMK-3 are typical type IV curves exhibiting hysteresis loops type H 2 , according to IUPAC classification, typical of mesoporous solids.
Materials obtained exhibit capillary condensation to relative pressures about 0.40 and 0.45, which can be related to the pore blocking effect of affecting the pressure where evaporation/ desorption pore occurs. The increase in adsorption at low relative pressures of the samples 
CMK-3 instead V-CMK-3 is associated with the presence of micropores or a strong adsorbateadsorbent interaction.
V-CMK-3 reveals a reduced specific surface area, in comparison with those of pure CMK-3 ( Table 4) , with the corresponding incorporated metallic species.
XPS studies
Ni-CMK-1, Zn-CMK-1, Pt-CMK-3, and V-CMK-3 XPS characterization
Zn-CMK-1 XPS data exhibited that zinc appears as Zn 0 or Zn 2+ ions (Figure 12) , according to the binding energies (BE) of Zn (2p 3/2 ) electron at 1022.5 eV. The Zn 2p 3/2 spectrum of Zn oxide, though not presenting multiple splitting or other complex effects, overlaps with Zn 0 species peak BE [29] . According to Woll [30] , the Zn 2p 3/2 lines for Zn and ZnO are quoted at 1021.4 eV and 1021.7 eV. The split 2p electron energy levels for Ni, Ni (2p 1/2 ), and Ni (2p 3/2 ) and seemed at 865-885 and 850-865 eV, respectively (Figure 13) . These bond energies are lower by 1.5-2.0 eV for pure NiO [31] . This abnormality is possibly because the variance in organization of Ni 2+ in NiO and on CMK-1. It can confidently be said that Ni 2+ ions are coordinated in higher symmetry in CMK-1, having a well-ordered crystal structure compared to that of NiO. The satellite band which appears at higher bond energy values also indicates the typical oxide structure. Activation under H 2 causes a partial reduction of the surface Ni 2+ species, which yields Ni 0 (reduced catalyst). In addition to Ni 0 , the reactive surface contains mixed Ni 0 + NiO. The mixed nickel compounds (such as nickel oxides and hydroxides) can appear in relatively large particles, where the NiO compound can be present on the outer surface, and metallic Ni is located in a the sub-surface close to the support, respectively. This distribution can be due to the drastic changes of the deposits' electronic structure that take place as the cluster size increases. Cluster size has a direct impact on the final state in the photoemission process because, once the process is over, the positive charge that remains on the aggregate can be less screened delocalized, compared with an extended metallic system. This entails a shift of the XPS spectrum corresponding to the Coulomb energy of localized charge. The shift proved to be proportional to the reciprocal particle diameter [32] . As a consequence, the binding energies of small metal aggregates should be found at higher values, as was in fact observed in a large number of cases. Elemental XPS analysis (Zn 2p 3/2 . O1s and C1s) showed that the chemical composition for Zn, O, and C, 0.2 %, 0.16%, and 99.64% (at.%), respectively, at 50-100 Å of depth for Zn-CMK-1 sample. Nevertheless, EDS study (Figure 18c and d) showed that the Zn content was 4.85 wt%, which suggests the Zn 0 (74%) lies inside the mesoporous of CMK-1 sample. Furthermore, by XPS, the oxygen concentration was around 80%, giving support to the knowledge that the ZnO lie on the external Zn-CMK-1 surface. XPS study of Ni-CMK-1 point to a composition for Ni, O, and C as follows: 0.625, 0.375, and 99 (at.%), whereas by EDS analysis (5.3 and 0.6 wt% and for Ni and O, respectively). Therefore, a large amount of NiO is located on the outside of CMK-1 (>40%), consistent to the inferior quantities of Ni 0 create in Ni-CMK-1 mesoporous material. The EDS and XPS studies for Zn and Ni support the difference in cluster size obtained by XRD (Scherrer's formula) and TEM, shown in Figure 18a and b (2.5 nm and 12 nm, respectively). This is an indicator that the nanostructure of CMK-1 prevents the growth of large crystals in its nanopores, especially during the addition of zinc.
The XPS technique is normally used to determine the nature and oxidation state of Pt species (Pt 0 , Pt 2+ , and Pt 4+ ), and in particular the Pt (4f) peak study is employed (Figure 14) . Metallic Pt 0 is known to have binding energies of 70.7-70.9 and 74.0-74.1 eV for 4f 7/2 and 4f 5/2 electrons, respectively [33] . In oxidized states, the binding energies exhibited by Pt 2+ and Pt 4+ are much higher: 72.8-73.1 eV (4f 7/2 ) and 76.3-76.4 eV (4f 5/2 ) for Pt 2+ and 74.6-74.9 eV (4f 7/2 ) and 78.1-78.2 eV (4f 5/2 ) for Pt 4+ [34] . The spectra showed two pairs of peaks. As we can see all spectra displays signals at low and high energy (doublets), Pt 4f 7/2 : 71.8 eV and 4f 5/2 : 75.1 eV, demonstrating that Pt nanoclusters are metallic (Figure 14) . The Pt 0 peak moves slightly to higher binding energies; this phenomena is in agreement to the characteristic effect of small particle sizes, as published by Roth et al. [34] and Takasu et al. [35] or for charge transfer between carbon and platinum described by Aricò et al. [36] . The bands that appeared in the second pair of platinum signs, on the other hand, appears around 74.9 and 77.1 eV, which has been reported in the literature to be due to the presence of PtO or PtO 2 [37] .
According to the XPS analysis, the Pt concentration at 50 Å of depth was 0.38 wt%, whereas ICP and EDS analyses pointed to a nominal Pt = 0.9 wt% on Pt-CMK-3. This led to the suggestion that the majority of Pt 0 lies inside the nanostructure of the CMK-3 sample. Moreover, about 80 wt% of oxygen was on the outer surface of CMK, with the correspondingly lower amount of not reduced Pt species (Pt 2,4+ ). Figure 15 shows the binding energy for V 2p 3/2 core level of XPS spectra for V-CMK-3. The only one contribution located about 515.0-515.2 eV is assigned to V 3+ in the form of V 2 O 3 . Vanadium oxidation states is consistent with XPS spectra previously taken of V 2 O 3 , which we attributed to 2p 3/2 core electrons [38] . The peak at 525 eV is consistent with the 2p 1/2 peak of vanadium [38] .
Vanadium 3 + has a d 2 electronic configuration and, from inspection of the Tanabe-Sugano diagram for a d 2 ion [39] , is expected to have three spin-allowed ground-state absorption transitions in both tetrahedral and octahedral coordination. Therefore, 3 + is a possible oxidation state of vanadium in CMK-3 according to XPS data. For SBA-15, Raman bands at 430, 800 and 1080 cm -1 are observed. The bands at 430 and 1080 cm -1 can be attributed to symmetric and asymmetric vibrations of the Si-O-Si unit, respectively. The band at 800 cm -1 is the symmetric stretching mode of the tetrahedral [SiO 4 ] unit [40] [41] [42] . Figure 16 also shows the spectra of TiO 2 onto CMK-3; the characteristic signals of anatase are detected in the sample if compared with those of pure anatase [41, 43, 44] and pure rutile.
In inset Figure 16 , we illustrated the Raman spectra of bare CMK-3 and TiO 2 -CMK-3 (from 1100 to 1700 cm -1 ). The Raman spectrum of the obtained CMK-3 as well as of TiO 2 -CMK-3 shows two peaks, at 1578 and 1353 cm -1 . The peak at 1578 cm -1 corresponds to an E 2 g mode of graphite and is called G band, related to C═C-double-bonded carbon vibration in hexagonal lattice, while the peak at 1353 cm -1 is associated with vibrations of C-C bond, referred to as D band, attributed to the configuration of disordered graphite [45] [46] [47] . In the Raman spectrum of graphitic materials such as activated charcoal, carbon black, and CMK, this second line 
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appears. The relative intensity of the two lines depends on the type of graphitic material. The intensity of 1353 cm -1 line increases with an increase in carbon in the samples and with a decrease in the graphite crystal size. Hence, a signal at 1355 cm -l might possibly be ascribed to a diamond-like atomic arrangement in the graphite samples, probably as partially tetrahedral bonded [48] . This agrees with the proposal of the graphite-like structure for CMK-3 [49] . It could be clearly seen that G and D band intensity of TiO 2 /CMK-3 was not perturbed significantly (inset Figure 16) . Figure 17 shows TEM images of CMK-1. Ordered structure was shown to be slightly damaged by thermal treatments. The TEM micrographs of Ni-CMK-1 and Zn-CMK-1 were depicted in Figure 18 , showing. The ordered cubic Ia3d mesostructure of Metal-CMK-1 (Figure 18a and b) , indicating that the ordered structure of CMK-1 is retained after the incorporation of Ni and Zn nanoparticles. The larger dark areas over the channels most likely correspond to NiO nanoparticle agglomerates on the external surface with average diameter of 11-13 nm (Figure 18a) . The small dark spots in the image (Figure 18b ) could be ascribed to Zn and ZnO nanoparticles with average diameter of ~2.5-3 nm probably located into the host pores. EDS analysis was performed to estimate the presence of Zn-and Ni-containing CMK-1. A careful evaluation of the elemental compositions for C, O, and Zn and Ni nanoparticles was performed (Figure 18c and d) .
TEM studies
According to the maps collecting five spots, the average atomic weight % of C, O and Zn nanoclusters in Zn-CMK-1 is about 94.94, 0.26, and 4.80%, respectively. This shows that only 20% of the Zn species appear as ZnO. On the other hand, the average atomic weight % for Ni-CMK-1 was 94.1, 0.6, and 5.3 wt% for C, O, and Ni, clearly indicating that the higher Ni content appears as oxide (about 40%).
Figure 19a
shows TEM images of synthesized SBA-15 used as an inorganic template. In Figure  19b , an ordered mesoporous array of longitudinal nanochannels can be seen, with pore Figure 20 . Ordered structure proved to be slightly damaged by thermal treatments and exhibits well-organized pores parallel to one another. The white lines correspond to the mesopores generated in the space where the walls of the SBA-15 template had been. Figure 21a and b, indicating that the ordered structure of CMK-3 persists after Pt nanoparticles are incorporated. The darker contrast (small dark spots) which can be seen in some places may be attributed to the presence of regularly dispersed Pt particles. These images evidence the fine dispersion of Pt 0 on CMK-3, a tinny size dissemination (Figure  22) , and mean diameter of ~1 to 2 nm inside the mesopores of CMK-3 nanostructure. The existence of Pt 0 inside the pore system of CMK-3 indicates an enhancement in the dispersion phenomena compared with the metal on the external carbon surface. The Pt nanoclusters are active sites for hydrogen adsorption and narrow pore size distribution is vital because the level of dispersion is better and the metal active area is superior.
The metal particles dispersed in CMK-3 carbon have from 1 to 2.5 nm size, and the average particle diameter are approximately to 1.74 nm, showing that utmost of Pt nanoclusters are mainly in the nanostructured intra-channel system of CMK-3.
Dispersion and size distribution of metal particles of Pt toughly depends on the technique of deposition and the characteristics of carbon support as published by Kuppan and Selvam [25] , suggesting that reduction with paraformaldehyde of platinum nanoparticles deposited on mesoporous carbon CMK-3 is superior to other methods, including H 2 reduction. In this work, we show that the nature of Pt incorporation to CMK-3 and the preparation of Pt-CMK-3 before Pt reduction (under N 2 atmosphere and controlled temperature removal of the Pt precursor) impact the subsequent size of Pt-reduced nanoparticles, resulting in a narrow distribution of around 1.74 nm (Figure 22) . If the first elimination of Pt precursors-CMK-3 occurs in an oxidative atmosphere, the likelihood of generating larger Pt clusters increases. Similar consequence on dispersion of iridium over SBA-16 was reported recently [37] . The factor of the Pt source removal (chloroplatinic acid in ethanol-CMK-3) is endothermic and not oxidative under N 2 flow and controlled temperature desorption, avoiding the relocation and accumulation of platinum particles after it reduction.
In order to determine the presence of Pt in the prepared Pt-CMK-3, EDS analysis was employed to carefully evaluate the elemental compositions for C, O, and Pt nanoparticles (Figure 21c) . Maps of elements were collected from four spots and used to evaluate the presence of all elements. This showed that the average atomic percentage of C, O, and Pt nanoclusters in Pt-CMK-3 is about 98.82, 0.28, and 0.9%, respectively. TEM images for TiO 2 -CMK-3 (Figure 23) indicated an ordered structure slightly damaged by thermal treatments; they also exhibit well-organized pores parallel to each other. The white lines correspond to the mesopores generated in the space previously occupied by the walls of SBA-15 template. In Figure 23b , a dark spot indicates anatase nanoclusters. Figure  23c shows a TEM image with negative contrast, displaying nanoclusters with bright spots, allowing the observation of nanoclusters. Particle size distribution ranged from 1 to 11 nm and mean particle diameter was found to be close to 5 nm, indicating that most of the particles reside within of the pore system. In this work, we show that the nature of TiO 2 incorporation into CMK-3 and the preparation of TiO 2 -CMK-3 (under N 2 atmosphere and controlled temperature elimination of Ti precursor), influence posterior TiO 2 nanoparticle size, leading to a narrow distribution as shown in the histograms (Figure 23a and c) .
Vanadium nanoclusters were not seen in TEM images of V-CMK-3 due to a low contrast in the TEM image (Figure 24) . 
Hydrogen uptake measurements
The capacity of hydrogen storage was evaluated at low and high pressures and cryogenic temperatures (77 K).
The experimental data were fitted by Freundlich isotherm [50] , that is, a purely empirical formula for gaseous adsorbates. The Freundlich model (Eq. (2)) is described by the following equation:
Here, Q is the quantity per unit mass of adsorbent, P is the adsorbate pressure, and KF and n are experiential constants (Freundlich constants) for, respectively, adsorbent-adsorbate pair at a constant temperature. A measure of the adsorption intensity is characterized by n, and K F is the adsorption measurement [50] . This equation was applied to the experimental data using nonlinear least-square regression for arbitrary fit functions and minimizing the objective function by means of the Levenberg-Marquardt method. The fitting accuracy was R 2 = 0.98.
The hydrogen storage is defined as "uptake," the carbon material behaves as a sponge, due to the fact that the process is completely reversible and the curve remains in the same place as each point returned to baseline when measurements were carried out without the bath of liquid N 2 . We performed the treatment at high temperatures (except TiO 2 -CMK-3 sample where treatment is done only under N 2 flow) is to reduce the oxide cluster to a metallic cluster because the electronic configuration of the metal cluster interacts better with hydrogen molecules and for high H 2 storage. The amount of hydrogen uptake of all samples is higher than carbon samples. The Zn-CMK-1 sample has the highest hydrogen uptake (0-10 bar). Yet, at high pressures, the sample with Zn shows greater H 2 adsorption than all the other samples. In samples that contain metal clusters, there are at least two ways in the process of hydrogen physisorption on metal-CMK-1/CMK-3 surface. Hydrogen molecules spill over onto the CMK-1 nanopores/micropores and are adsorbed onto nanometric metal clusters. Hydrogen adsorption proved to be fully reversible, which indicates that there was no chemical reaction or strong bond between hydrogen and metal nanocluster or the CMK-1 framework.
The proposed mechanism for hydrogen storage in metal-CMK-1/CMK-3 agreed with Kim and Park [51] . Hence, a dipole-induced model is proposed. The first layer of hydrogen molecules could react with the metal cluster because of the high oxidation capacity of metals interacting as dihydrogen complex [35] , but the level of this initial interaction is not significant. The second layer of hydrogen molecules is physically adsorbed by dipole-induced interaction. Hydrogen molecules are basically non-polar, but the strong interaction of the metal particles leads to the dipole-induced effects of the hydrogen molecules. The third layer and any other layer above the hydrogen molecules could interact with metal cluster by the same mechanism, but the force of the dipole-induce bond is weak and decreases in inverse proportion with the distance from the surface. Consequently, this mechanism can be applied at higher pressures, since metal-CMK-1/CMK-3 adsorbs a larger amount of hydrogen than carbon at higher pressures.
Theoretically, the 3d states of metals mainly contributed to ground-state electronic structure near the Fermi level of metal-CMK-1 and, to some degree, the p states of carbon. Those contributions of 3d states decrease as we move across the periodic table from Mn to Zn following the increase of d orbital occupancies [52] .
Hydrogen bonds to the metal result in an opening of HOMO-LUMO energy gap in the case of Ni-CMK-1, while it shows a reduction in HOMO-LUMO energy gap for Zn-CMK-1, resulting in the appearance of molecular electronic states which allow a better H 2 physisorption.
The understanding at an atomic scale of the hydrogen spillover mechanism for storage of hydrogen in metal-doped carbon materials and metal-organic frameworks is discussed by means of a critical assessment of recent computational and experimental studies. It is claimed that the spillover mechanism includes (a) generation and desorption of mobile H atoms on metal nanoparticles; (b) diffusion of H atoms in weakly bound states on the support; (c) sticking and immobilization of H atoms at preferential locations of the receptor where barriers to sticking are lower, and (d) Eley-Rideal recombination of the adsorbed H atoms with diffusing mobile H atoms to form H 2 [53] .
In the TiO 2 -CMK-3, surface can adsorb hydrogen molecules by spill over onto CMK-3 nanopores/micropores and adsorbed onto nanometric anatase clusters. First, we could attribute this adsorption to the different particle surface areas, since the adsorbed quantity might be primarily related to the available free surface area. Second, we could attribute it to the fact that nanometric carbon promoting the high-surface areas of TiO 2 nanoclusters. CMK-3 surface promotes the high-surface areas of TiO 2 nanoclusters may possibly modify oxidation state and control porosity feature, which is important to cause hydrogen adsorption (H 2 molecules) by weak chemical pathways (such as dihydrogen complex interaction), although anatase or rutile is generally weak in hydrogen storage [54] . Through XRD and TEM observation, we also noticed that with the assistance of CMK-3, the fabricated TiO 2 nanoparticles show small size and high dispersion, contributing to the substantial increase in H 2 adsorption. In other words, the presence of TiO 2 nanoclusters in CMK-3 results in formation of better-localized states of electrons at TiO 2 nanoclusters and CMK-3 interface. These localized states may distribute electron concentration at the surface of TiO 2 -CMK-3 composite and causes a few reactions between hydrogen molecules and surface TiO 2 nanoclusters [54] . According to theoretical investigations [55] , TiO 2 and CMK-3 interaction is not affected by the physisorption of the first H 2 molecule because it does not impact the distance between Ti and the nearest C. The H-H distance is influenced (elongated) by bonds Ti-C sp2d because the strong repulsive phenomena on the adsorbed H 2 . The hydrogen atoms of the adsorbed H 2 molecule should have negative charges, and the H 2 molecule can be regarded as trapped by Ti cation by means of the charge polarization mechanism. This is an indicator that Ti donates electrons to the nearest C atoms on CMK-3, where the d-orbitals of the Ti atom overlap the sp 2 orbitals of the Ti-C bonds to form the mixed sp 2 d hybridization. This charge transfer is possible because the Ti atom is in cationic form and renders extensive hetero-polar bonding between the Ti atom and its neighboring C atoms, resulting in an increase in H 2 molecule uptake. Moreover, CMK-3 approaching the positively charged Ti cation leads to loss of d-orbital degeneracy since the electrons of CMK-3 will be closer to some d-orbitals while being farther away from others. Thus, those d-orbitals that are closer to CMK-3 have a higher degree of energy than those farther away. This results in d-orbitals splitting in energy to reduce the total energy and stabilize the system, as explained by the ligand field theory [56] .
Therefore, the first layer of hydrogen molecules could be reacted with the metal cluster due to high oxidation/reduction metals capacity interacting like as dihydrogen complex [35] , similar metal-carbon samples; yet, the amount of this initial interaction is negligible. The second layer of hydrogen molecules is physically adsorbed by dipole-induced interaction as metal-carbon samples. Hydrogen molecules are non-polar, but the strong interaction of anatase particles leads to dipole-induced effects in H 2 . The third level of the layers and any higher layer of H 2 molecules could bond with metal cluster by the same way; however, the dipole-induced interaction is weak, decreasing as separation to the surface increases. At higher pressure, this mechanism can be applied; consequently, the adsorption of hydrogen to TiO 2 -CMK-3 is higher than CMK-3 at greater pressures. The understanding of the distribution of frontier molecular orbitals around a nanostructure would be a significant guideline to design new functionalized materials for hydrogen storage. While strong localization of the highest occupied molecular orbital (HOMO) occurs on Ti cation located at the surface on anatase nanocluster, strong delocalization of the lowest unoccupied molecular orbital (LUMO) occurs at the base area. The strong localization of HOMO on Ti cation at the surface explains the enhanced adsorption interactions of H 2 molecules [55] . Moreover, hydrogen bonds to anatase result in an opening of HOMO-LUMO energy gap. A reduction in HOMO-LUMO energy gap for TiO 2 -CMK-3 results in the appearance of molecular electronic states that allow a better H 2 physisorption [52] .
The hydrogen storage on V-CMK-3 sample could be attributed to a high V 2 O 3 particle surface areas and could be attributed to the fact that nanometric carbon helping the high-surface areas of V 2 O 3 nanoclusters. However, the high hydrogen adsorption may be explain because hydrogen storage might increase via the spill-over phenomenon. Specifically, hydrogen molecules are dissociated on the surface of the introduced transition metal cation (V +3 ). The other potential explanation is that the hydrogen molecules are attracted into the graphite pores due to formed weak dipoles with V 2 O 3 nanoclusters. Metal cation increases and quickens hydrogen storage through a weak chemical reaction (from either the spill-over phenomenon or dipole attraction) (Figure 25 ). The scheme showed in Figure 26 suggests a mechanism for hydrogen storage in carbon mesoporous CMK, modified with metals in agreement with Kim et al.
Conclusions
We have shown that a hopeful hydrogen storage material can be obtained by ordered porous carbons CMK-1/CMK-3 modified with Ni, Zn, Pt, Ti, and V species that were synthesized by replication using MCM-48 and SBA-15 as hard template, respectively. The metal-metal/oxide nanoparticles-containing carbon was obtained by wetness impregnation considering the thermal treatments employing H 2 . Zn species mostly found as metallic Zn while Ni as NiO, with the highest average cluster size (12 nm), indicating greater dispersion of zinc and its incorporation in the nanoporous of mesoporous carbons but without occlusion by their small size compared with NiO clusters. The higher Zn dispersion probably causing a high metal surface area and a better use of the support allowed to a superior performance to H 2 uptake of Zn-CMK-1. Pt-CMK-3 sample present an improvement in the capacity of hydrogen uptake than CMK-3 carbon due to the better dispersion of uniform platinum nanoparticles as well as better utilization of the support, which may probably was originate of a high-surface area and pore volume, that allow a large dispersion of Pt. Pt nanoparticles in Pt-CMK-3 have smaller size (~1.7 nm average) and have a quite well dispersion inside the nanochannels of CMK-3. This shows the better hydrogen uptake of the Pt-CMK-3 than CMK-3 carbon. TiO 2 -CMK-3 can significantly enhance hydrogen adsorption capacity and hydrogen storage performance of CMK-3 material, proving to prospective candidates for application in hydrogen storage. CMK-3 modified with TiO 2 in anatase phase shows an enhanced capacity for H 2 storage than that of the nanoporous CMK-3 sample. TiO 2 -CMK-3 improved performance and larger activity for H 2 uptake is attributed to improved dispersion of uniform anatase nanoparticles in addition to efficient use of the CMK-3, probably originate in the high pore volume and surface area, allowing a great dispersion of anatase. TiO 2 (anatase phase) nanoparticles in TiO 2 -CMK-3 have a smaller size (~5 nm average, obtained by XRD and TEM) and a quite good dispersion.
Vanadium-modified carbon sample has higher hydrogen storage than CMK-3 pristine material and is the best material for hydrogen adsorption using CMK-3 nanometric carbon as support but lower than Zn-CMK-1.
A hydrogen uptake mechanism on metal/carbon surfaces was proposed. We can conclude by indicating that CMK-1/CMK-3 hydrogen storage capacity was increased by addition of metal clusters. Moreover, hydrogen storage behaviors onto metal/metal oxides-carbons can be optimized by controlling the metal cluster size and dispersion and by increasing the carbonspecific surface area.
